Abstract: We propose a novel scheme for quadrature phase-shift keying (QPSK) modulated vector signal generation based on photonic heterodyne beating, phase precoding, and optical carrier suppression (OCS). Different from our previous OCS-based vector signal generation schemes, in our proposed scheme, the precoded vector signal at the radio-frequency (RF) band, which is used for the drive of the intensity modulator operating at its OCS point, is generated by photonic heterodyning beating rather than a single digital-to-analog converter (DAC). Photonic heterodyne beating accomplishes the upconversion of the precoded vector signal from the baseband to the RF band, and thus, the DAC in our proposed scheme is used to generate the precoded vector signal at the baseband rather than that at the RF band, which significantly reduces the DAC bandwidth requirement. We experimentally demonstrate 17.6-GHz QPSK modulated vector signal generation based on our proposed scheme. The generated 17.6-GHz vector signal can carry up to 3-GBd QPSK data with a bit error ratio (BER) less than the hard-decision forward-error-correction (HD-FEC) threshold of 3:8 Â 10 À3 .
Introduction
As we know, advanced vector signal modulation encodes the data information onto both inphase (I) and quadrature (Q) components of a carrier and, when combined with advanced digital signal processing (DSP), can effectively improve device's bandwidth efficiency and system's spectral efficiency [1] - [14] . The introduction of advanced vector signal modulation into the radioover-fiber (RoF) system, which has become a promising candidate in future broadband wireless communications due to its advantages of large bandwidth, high mobility and low propagation loss, can effectively solve the urgent problem of spectrum resource insufficiency and significantly increases wireless transmission rate. Thus, the RoF system, which can generate and transmit radio-frequency (RF) carrier employing advanced vector signal modulation, has gained increasing interest from the research community, and various kinds of advanced techniques have been proposed to realize this kind of RoF system [1] - [14] . The technique of external intensity modulation [15] - [18] makes use of the heterodyne beating of the sidebands generated by external intensity modulator driven by a RF signal, and can provide the RoF system with very stable RF carrier, the frequency of which only depends on the driving RF signal. Moreover, external intensity modulation, when further combined with optical carrier suppression (OCS) technique [15] , [19] , [20] , can double the RF carrier frequency with the reduced bandwidth requirement for both optical and electrical components at the transmitter end [15] . Very recently, we have proposed and experimentally demonstrated vector RF signal generation enabled by a single intensity modulator operating at its OCS point as well as precoding technique [9] - [11] . Our OCS-based vector signal generation schemes [9] - [11] have a simple architecture, but the insufficient bandwidth (typically less than 20 GHz) of the current commercially available digitalto-analog converters (DACs) greatly restricts the RF carrier frequency of the generated vector signal, since the precoded vector RF signal used for the drive of the intensity modulator is directly generated by a single DAC. Thus, it is interesting to investigate how to overcome the DAC bandwidth limitation and thus to realize high-frequency vector RF signal generation based on our OCS-based vector signal generation schemes.
In this paper, we propose a novel scheme for quadrature-phase-shift-keying (QPSK) modulated vector signal generation based on photonic heterodyne beating, phase precoding and OCS. Different from our previous OCS-based vector signal generation schemes [9] - [11] , in our proposed scheme, the precoded vector signal at RF band, used for the drive of the intensity modulator operating at its OCS point, is generated by photonic heterodyning beating rather than a single DAC. Photonic heterodyne beating accomplishes the upconversion of the precoded vector signal from baseband to RF band, and thus significantly reduces the DAC bandwidth requirement. We experimentally demonstrate 17.6-GHz QPSK modulated vector signal generation based on our proposed scheme. The generated 17.6-GHz vector signal can carry up to 3-Gbaud QPSK data with a bit-error ratio (BER) less than the hard-decision forward-errorcorrection (HD-FEC) threshold of 3:8 Â 10 À3 .
Principle
Fig . 1 shows the principle of QPSK modulated vector signal generation based on photonic heterodyne beating, phase precoding and OCS. Different from our previous OCS-based vector signal generation schemes [9] - [11] , the precoded vector signal, centered at frequency f s and used for the drive of the intensity modulator, is generated by photonic heterodyning beating rather than a single DAC. For photonic heterodyne beating, we adopt two free-running lasers (Laser 1 and Laser 2) operating at different frequencies f c1 and f c2 , respectively. The frequency spacing f s ðf s ¼ f c2 À f c1 Þ of the two lasers is tunable. The continuous-wave (CW) lightwave from Laser 1 is modulated by a precoded vector signal at baseband with the aid of an in-phase/quadrature (I/Q) modulator. The precoded vector signal at baseband is first generated by MATLAB programming, and then uploaded into a DAC before it is used to drive the I/Q modulator. The MATLAB programming accomplishes the QPSK mapping and phase precoding of a pseudo random binary sequence (PRBS). It is worth noting that both unbalanced [9] and balanced phase precoding [10] are suitable for our proposed scheme. The I/Q modulator consists of two parallel Mach-Zehnder modulators (MZMs) both biased at the null point and driven at the full swing. The upper and lower branches of the I/Q modulator have a fixed phase difference of =2. Next, the modulated CW lightwave is combined with the unmodulated one from Laser 2 by an optical coupler (OC), and then heterodyne beat in a single-ended photodetector (PD), to upconvert the precoded vector signal from baseband to frequency f s .
The upconverted precoded vector signal at frequency f s modulates the CW lightwave from Laser 3 with the aid of an intensity modulator. Laser 3 is also free-running and operates at frequency f c3 . The intensity modulator operates at its minimum transmission point to implement OCS modulation. Thus, two first-order optical subcarriers are generated by the intensity modulator, with a frequency spacing of 2f s . The two first-order optical subcarriers are heterodyne beat in a single-ended PD and QPSK modulated vector signal at frequency 2f s can be obtained, since phase precoding at the transmitter end can effectively offset the phased doubling induced by frequency doubling during the square-law PD detection [9] , [10] .
Compared to our previous OCS-based vector signal generation schemes [9] - [11] , although the introduction of photonic heterodyne beating complicates the architecture of our proposed scheme, it also significantly reduces the DAC bandwidth requirement, since the DAC in our proposed scheme is used to generate precoded vector signal at baseband rather than that at RF band. Thus, our proposed scheme can effectively overcome the bandwidth limitation of the current commercially available DACs and realize vector signal generation with a higher RF carrier frequency. Fig. 2 shows the experimental setup for 17.6-GHz QPSK modulated vector signal generation based on our proposed scheme. 8.8-GHz precoded vector signal, used for the drive of the MZM, is generated by photonic heterodyne beating of two CW lightwaves spaced by 8.8 GHz. The two CW lightwaves are generated from two free-running external cavity lasers (ECLs), while ECL1 operates at 1564.582 nm and ECL2 at 1564.514 nm. The CW lightwave from ECL1 is modulated by a 1$3-Gbaud precoded vector signal at baseband via an I/Q modulator, and then boost by a polarization-maintaining erbium-doped fiber amplifier (PM-EDFA). The PRBS length is 2 10 . Balanced phase precoding is adopted in our experiment, since it can make the constellation of the generated QPSK vector signal more symmetrical and thus improve the receiver sensitivity compared to unbalanced phase precoding [10] . Therefore, in our experiment, the precoded vector signal at baseband actually carries a 1$3-Gbaud 8PSK data. Inset (a) in Fig. 2 gives the calculated 8PSK constellation after balanced phase precoding. An arbitrary waveform generator (AWG), with 8-bit resolution, 80-GSa/s sampling rate and 16-GHz electrical bandwidth, is used to implement digital-to-analog conversion of the precoded vector signal at baseband. The I/Q modulator has a 3-dB bandwidth of $30 GHz, 2.3-V half-wave voltage ðV Þ at 1 GHz and 5-dB insertion loss. Inset (b) in Fig. 2 gives the output eye diagram (200 ps/div) of the I/Q modulator. The modulated CW lightwave, combined with the unmodulated lightwave from ECL2, first passes through a variable optical attenuator (VOA) before it is heterodyne beat in a single-ended PD (denoted by PD1). PD1 (Agilent 11982A) has 15-GHz optical bandwidth. Then, after boosted by an electrical amplifier (EA) to $6 V pp (V pp denotes the peak-to-peak voltage), the up-converted 8.8-GHz precoded vector signal is used to modulate the CW lightwave from ECL3 at 1551.102 nm, via a MZM biased at its OCS transmission point. It is worth noting that all the three ECLs (ECL1-ECL3) adopted in our experiment are with linewidth less than 100 kHz and output power of 14.5 dBm. The EA has 5-dB noise figure, 14-GHz electrical bandwidth and 30-dBm saturation output power. The MZM has a 3-dB bandwidth of $31 GHz, 2.7-V half-wave voltage ðV Þ at 1 GHz and 5-dB insertion loss. The generated two first-order optical subcarriers by the MZM have 17.6-GHz frequency spacing. After passing through a VOA, the two first-order optical subcarriers are heterodyne beat in a single-ended PD (denoted by PD2 and identical to PD1), to generate QPSK modulated vector signal at 17.6 GHz. The generated 17.6-GHz QPSK modulated vector signal is captured by a digital storage oscilloscope (OSC) from Tektronix with 50-GSa/s sampling rate and 18-GHz electrical bandwidth. The transmitter QPSK data can be recovered from the captured 17.6-GHz QPSK modulated vector signal after offline DSP, which includes down conversion, constant modulus algorithm (CMA) equalization, frequency offset estimation, carrier phase estimation, differential decoding and BER calculation [21] . Fig. 3(a) and (b) gives the output optical spectra (0.01-nm resolution) of the first VOA and the MZM, respectively. Fig. 4 shows the measured BER versus the input power into PD2 for 1-and 2-Gbaud QPSK vector signals, respectively. The BER is counted over 10 Â 10 6 bits (10 data sets, and each set contains 10 6 bits). We can see that, for both 1-and 2-Gbaud cases, the BER can be under the HD-FEC threshold of 3:8 Â 10
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À3 . Moreover, compared to the 1-Gbaud case, the 2-Gbaud case has a 3-dB optical power penalty at the HD-FEC threshold of 3:8 Â 10 À3 , which is mainly due to show the captured 17.6-GHz vector signal spectrum and the recovered QPSK constellation for the 2-Gbaud vector signal, respectively. The corresponding input power into PD2 is 2 dBm and the BER is also 0. Fig. 5 shows the measured BER versus the baud rate when the input power into PD2 is 1 dBm. We can see that the BER gradually increases but is always under the BER of 1 Â 10 À3 when the baud rate increases from 2.4 Gbaud to 3.0 Gbaud. An error floor appears near the BER of 1 Â 10 À3 mainly because of the limited OSC bandwidth of 18 GHz. If the OSC bandwidth is sufficient, the theoretical highest baud rate our experimental demonstration can achieve is 50 Gbaud, which is mainly determined by the RF carrier frequency of the upconverted precoded vector signal. 
Conclusion
We have proposed a novel scheme for QPSK modulated vector signal generation based on photonic heterodyne beating, phase precoding and OCS. The introduction of photonic heterodyne beating into our proposed scheme significantly reduces the DAC bandwidth requirement but at the cost of a more complex architecture. We have experimentally demonstrated 17.6-GHz QPSK modulated vector signal generation based on our proposed scheme. The generated 17.6-GHz vector signal can carry up to 3-Gbaud QPSK data with a BER less than the HD-FEC threshold of 3:8 Â 10
À3 . We anticipate that vector mm-wave signal with a carrier frequency over 100 GHz can be generated by this novel scheme based on OCS modulation in one intensity modulator.
